Scanning tunneling microscopy studies show significant structural modifications that involved atom desorption and displacement following mild irradiation by electrons of 90 -2000 eV. For Si͑111͒-͑7 3 7͒, adatom layer vacancies increased monotonically with incident energy. For Si͑100͒-͑2 3 1͒, irradiation produced dimer vacancies, and ad-dimers as Si atoms transferred to the terrace. The modification processes are tied to the energy distribution of electron-hole and electron attachment states achieved by inelastic cascade scattering. Hence, beams previously believed to be benign induce surface structural modifications. [S0031-9007(99) 
Electron beams of 10-5000 eV have long been used to investigate the chemical and structural character of surfaces [1, 2] . For ionic materials, electron stimulated desorption, ESD, is known to occur [3, 4] , and this implies atomic-scale structural changes. For clean metal and semiconductor surfaces, however, it is generally believed that these energetic electrons do not cause structural changes. To test the conventional wisdom, we have used scanning tunneling microscopy, STM, to study the structural consequences of irradiation by 90-2000 eV electrons of the sort routinely used in lowenergy electron diffraction, LEED, and Auger-electron spectroscopy, AES.
In this Letter, we show that electron irradiation is quite effective in modifying the structures of clean Si surfaces. For Si(100), exposure produced dimer vacancies through a combination of atom desorption and atom transfer processes. For Si͑111͒-͑7 3 7͒, the cross section for desorption increased monotonically despite Si 2s and 2p core level thresholds. We relate these structural changes to inelastic cascade scattering. Scattering excites electrons into antibonding states, as for field-emitted electrons from a tip or photons from a laser, but electrons are also captured at antibonding surface resonances. Coupling to the nuclear motion results in desorption induced by electronic transitions, DIET, and/or displacement onto the terrace. Differences for the two surfaces reflect the types of defects created and the tendency of atoms ejected onto the terraces to form stable structures. While demonstrating that surfaces are less robust than previously thought, these results suggest new opportunities to atomic scale surface engineering.
Clean Si͑100͒-͑2 3 1͒ and Si͑111͒-͑7 3 7͒ surfaces were prepared by thermal treatments [5, 6] . They were imaged with tungsten tips at room temperature in ultrahigh vacuum (base pressure 5 3 10 211 Torr). The samples were irradiated by electron beams from a LEED gun (primary energy E p 90 eV) and an AES gun ͑500 # E p # 2000 eV͒. The latter was mounted in a doublepass cylindrical mirror analyzer [7] . In each experiment, the beam profile was characterized with a Faraday cup [8] . STM images obtained within 60.5 mm of the center of the irradiated area spots revealed approximately uniform defect and adatom densities. These densities decreased with distance away from this central spot, consistent with the beam profile. Exposures are given by the incident current. We irradiated Si(100) samples that were B doped at 3 3 10 17 and 9 3 10 18 cm 23 and P doped at 5 3 10 18 cm 23 but there was no significant dependence on dopant type or concentration.
Figure 1(a) shows an occupied-states image of clean Si͑100͒-͑2 3 1͒. The surface dimers buckle dynamically and appear as oval structures [5] . Steps and defects stabilize them, and asymmetric dimers appear as bright protrusions, labeled B. Dimer vacancies (DV) and c-type defects (CD) (Refs. [9, 10] ) were about equal in number; their total concentration was typical for surfaces prepared by heating, ϳ4% [5, 6] .
The images in Figs. 1(b) and 1(c) were obtained after irradiation by 9.6 3 10 16 electrons mm 22 at 2000 eV (exposure time 150 s). The dark features again represented single DV's and c-type defects but their concentration was much greater and there were also dimer vacancy complexes ͑DV C ͒. Though created differently, these vacancies were analogous to those produced by thermal or chemical means because removal of one atom from a dimer destabilizes the other and it transfers to the terrace, regardless of the initiation process. Annihilation of a DV requires the simultaneous capture of two diffusing Si atoms, and this is unlikely at 300 K. While single adatoms could not be imaged, the bright spots labeled A 1 , A 2 , and A 3 correspond to ad-dimers formed from displaced atoms (Refs. [11] [12] [13] [14] ). They were unstable with respect to tip-induced motion under typical imaging conditions [11] . Bright spots up to 2 nm in width represent Si clusters, labeled A 4 in Fig. 1(c) . to 0.65 3 10 14 cm 22 . While the density of DV's more than quadrupled, the average size of a vacancy complex increased only ϳ50%. Thus, single DV creation was largely random, and the creation cross section in this linear regime was 1.2 3 10 220 cm 2 (the yield of 8 3 10 26 vacancies per electron divided by the atom density). After ϳ100 s irradiation, the vacancy concentration increased in a nonlinear fashion as existing pits influenced the probability of additional vacancy creation adjacent to them. The pit growth apparent in Fig. 1(b) reflects the tendency of defects to localize electronic excitations and to increase inelastic scattering events. It may also reflect the reduced energy barrier for atom displacement at a pit boundary. Similar fluence dependencies were obtained for adatom vacancy creation on Si͑111͒-͑7 3 7͒ (not shown). The changes evident in Fig. 1 (c) were intrinsic to Si͑100͒-͑2 3 1͒ because heating at 873 K for 2 min produced regrowth chains and islands, labeled RC and RI in Fig. 1(d) [15, 16] . Small domains with c͑4 3 4͒ symmetry appeared at steps and in regrowth layers, as for epitaxial growth of Si on Si(100) [17] . Individual DV's ordered into lines that were perpendicular to the dimer rows. Recovery of a surface that was this severely damaged was sluggish because defects reduced Si diffusion and influenced the (local) energetics associated with islands or steps. Equally sluggish recovery was observed when ion bombarded surfaces were annealed at 873-1123 K [18] .
To demonstrate the generality of electron-induced Si surface modification and to determine its dependence on beam energy, we exposed Si͑111͒-͑7 3 7͒ surfaces to beams having E p 90, 500, and 2000 eV to achieve a common fluence of 2 3 10 16 electrons mm 22 . For the starting surface [inset of Fig. 3(a) ], bright features within a 7 3 7 unit cell represent the corner adatoms adjacent to (dark) corner holes and center adatoms away from those holes. Irradiation with 90 eV electrons ͑0.5mA, 20 min͒ [8] 500 eV electrons ͑0.5mA, 20 min͒, and 2000 eV electrons ͑1.2mA, 500 s͒ increased the concentration of vacancies in the adatom layer from 4% to 6% [ Fig. 3(a) ], to 10% [ Fig. 3(b) ], and to 14% [ Fig. 3(c) ]. Images obtained at other bias voltages and polarities demonstrated that the changes were not related to adsorbates [7] . From  Fig. 2(b) , the vacancy concentration increased steadily with E p . This indicates that processes related to Si 2s and 2p excitations followed by Auger decay were not important [19] . The ratio of vacancies at center sites relative to corner sites increased from 1 to 1.2 after irradiation for all energies, and single adatom vacancies appeared 1.3 times more frequently in the faulted half of the unit cell. The mean distance between vacancies decreased from ϳ28 Å for the clean surface to 20 Å after irradiation with 90 eV electrons. After 2000 eV irradiation, ϳ50% of the vacancies were present in the nearest-neighbor configurations, and complexes derived from up to 7 adatom vacancies were evident. The number of such complexes also increased with dose as existing vacancies influenced removal of nearby adatoms. In Fig. 3 , features like A 5 represent Si released from adatom sites and trapped at dangling bond sites of rest atoms. Though present, these extra terrace atoms were outnumbered by the vacancies by a factor of ϳ30 after irradiation with 90 and 500 eV electrons [20] . Neglecting them, the cross section for Si desorption from Si͑111͒-͑7 3 7͒ follows directly from Fig. 2(b) , ranging from 1 3 10 220 cm 2 for 90 eV electrons to 5 3 10 220 cm 2 for 2000 eV electrons. These values fall within the ESD range of adsorbates on surfaces [3, 4] .
While the cross section for desorption is a measure of long-term surface modification, it underestimates the effects of irradiation for Si͑111͒-͑7 3 7͒ because vacancyadatom pairs can be produced and a vacancy in the adatom layer can be annihilated by a single diffusing atom. Such vacancy annihilation was recently studied by Stipe et al. [21] , using STM to displace an adatom at low temperature and to follow its return. They showed that adatom layer vacancies were short lived above 175 K. Our results suggest a follow-on experiment that examines surfaces irradiated at low temperature.
Si(100) differs from Si(111) in that the event that creates a single atom vacancy is followed by the escape onto the terrace of the now-unpaired atom of the original dimer. Damage accumulation is more profound because dimer vacancy annihilation requires the capture of two diffusing atoms. We cannot say how many of the features imaged as dimers or aggregates in Fig. 1(b) were produced by desorption and how many resulted when both atoms of a dimer were transferred to a surface. Nonetheless, the imaged terrace features account for only ϳ20% of the DV's (total cross section for vacancy creation 1.2 3 10 220 cm 2 ). We conclude that ESD is significant.
The results of Figs. 1-3 are important because they demonstrate that electrons produce structural damage that had not previously been considered. The question to ask is what is the physical origin of these electronic-induced changes? Hints can be gleaned from recent laser irradiation and STM-modification studies. For Si͑111͒-͑7 3 7͒, Kanasaki et al. [22] studied Si atom desorption induced by 23 150 mJ-cm 22 laser irradiation. They reported enhanced desorption from the adatom layer when the photon energy was ϳ2 eV, an effect they related to dipole transitions involving occupied and empty surface states. H desorption from Si(100) has been attributed to s ! s ‫ء‬ transitions activated by 6 eV electrons from an STM tip [23] . Stipe et al. [21] interpreted vacancy creation in terms of the occupation of localized antibonding s ‫ء‬ levels that resulted in the displacement of center adatoms onto the terrace. Similar electron capture in antibonding resonances have been linked to ESD from Si(111) [24] . For Si(100), Kanasaki et al. did not observe Si desorption for 2.48 eV photons, showing that p ! p ‫ء‬ transitions did not contribute to bond breaking for surface dimers, but they were not able to gauge the effectiveness of transitions from dimer s levels 3 eV below the valence band maximum to s ‫ء‬ states near the conduction band minimum. They did not report desorption when there were electronic levels associated with defects.
Our studies differ from the above because surface atoms are exposed to hot carriers having a wide range in energy, as produced by the cascade of inelastic scattering events triggered by the 90-2000 eV primary electrons. Some of these electrons can induce localized direct transitions that allow a coupling to the nuclear motion. Others can be captured in localized surface resonance states. Localization involving excitations or resonant capture as the basis for Franck-Condon processes has been encountered in previous photon or local-probe techniques, but energetic electrons expand the range of accessible states. Experimentally, we observe that vacancy creation occurred randomly on ideal terraces for sufficiently widerange excitations. With increased primary energy, the number of relevant hot carriers that can reach the surface increases [25] . Electron-hole recombination events that release energy in the surface region contribute to the overall dynamics.
To demonstrate that surface structural changes due to electron irradiation were not unique to Si, we irradiated cleaved GaAs(110). In this case, vacancies were produced randomly by desorption and transfer of atoms to the terrace. Subsequent photon irradiation using a lowpower 2.3 eV laser resulted in atomic layer-by-layer removal [26] . This electron plus photon procedure has an advantage over chemically induced vacancy creation because it introduces no potential contamination.
With STM, we have differentiated modification involving desorption from modification involving vacancies that heal spontaneously. For metal surfaces, surface vacancies may be created by electron irradiation or by secondary electrons produced after high-energy photon absorption. Indeed, Ernst et al. [27] recently demonstrated vacancy creation for Cu(111) and (001) by tuning the photon energy of a laser to establish localized d-band holes. In all cases, surface defects introduced by the beam probe would alter the local reactivity. Indeed, one can speculate about the structural consequences of electron irradiation during growth or etching or other processing.
